Abstract. Insulin resistance (IR) is known to be an important factor, which can lead to the onset of type 2 diabetes. Autophagy is a cellular process, which sequesters senescent or damaged proteins in autophagosomes for recycling of their products. Insulin and intracellular molecules, including mammalian target of rapamycin (mTOR), are well-known inhibitors of autophagy. In patients with type 2 diabetes, the expression levels of glucose transporter 4 (GLUT-4) in skeletal muscles are significantly decreased, indicating decreased glucose-processing ability. Geniposide is an iridoid compound isolated from Gardenia jasminoides Ellis. Previously, it was reported that geniposide significantly promoted glucose uptake. In the present study, a HepG2 cell model of IR was constructed to determine whether geniposide can promote autophagy to inhibit insulin resistance in HepG2 cells via P62/nuclear factor (NF)-κB/GLUT-4. Cell proliferation was analyzed by performing an MTT assay, and the mRNA expression levels of NF-κB and GLUT-4 were assessed using semi-quantitative polymerase chain reaction and immunohistochemical staining. In addition, the protein levels of GLUT-4, P62 and phosphorylated-P65 were assessed by western blotting. The expression of GLUT-4 was initially increased following geniposide treatment, decreasing in time to its lowest level at 8 h. The expression levels of NF-κB and GLUT-4 in the IR cells treated with and without geniposide were significantly different, compared with those in the control group. Geniposide promoted autophagy in the IR HepG2 cells and significantly improved IR in the HepG2 cells, which may be associated with the dynamic regulation of the P62/NF-κB/GLUT-4 pathway.
Introduction
Insulin resistance (IR) is known to be an important factor, which can lead to the onset of type 2 diabetes (1). The mechanism by which IR develops is complex; during the insulin signal transduction process, alterations to the structure or activity of certain molecules, including insulin receptor, insulin receptor substrate, phosphoinositide 3-kinase, glucose transporter 4 (GLUT-4), and glucokinase, can result in IR. Additionally, the abnormal expression of nuclear factor κB (NF-κB) and its associated genes in different regions of an organism can affect the occurrence of IR directly or indirectly (2) .
Autophagy is a cellular process, which sequesters senescent or damaged proteins in autophagosomes for recycling of their products (3) . Autophagy is also involved in the removal of cells, which have undergone classical type 1 programmed cell death or apoptosis. Therefore, autophagy can be generally considered as a protector of cells against various stressors and a cellular response to stress (4) . Paradoxically, autophagy can also lead to a form of non-apoptotic cell death, which is termed type 2 programmed cell death. Thus, autophagy can either protect cells or promote cell death, depending on the cellular and environmental context. Dysfunctional autophagy may be involved in the pathophysiology of several diseases, including neurodegenerative disorders, cardiomyopathy and cancer (5) . This may involve the accumulation of damaged molecules and organelles. Autophagy also appears to be involved in the cellular changes associated with aging (6) . Insulin and intracellular molecules, including mammalian target of rapamycin (mTOR) are well-known inhibitors of autophagy, whereas glucagon, a counter-regulatory hormone of insulin, induces autophagy (7, 8) . These observations support the hypothesis that autophagy is involved in the natural history of diabetes via its involvement in hormone activity and organelle function (9) .
As a key element in extracellular glucose transport to insulin-sensitive cells, the translocation of GLUT-4 to the cell membrane is regulated by insulin (10) . In patients with type 2 diabetes, the expression levels of GLUT-4 in skeletal muscles are significantly decreased, which indicates decreased glucose-processing ability (11) . Autophagy is a cellular degrading process, which can promote cell survival and cell death. Microtubule-associated protein 1 light chain 3 (LC3) and p62/SQSTM1 (P62) are associated with autophagosomal Geniposide promotes autophagy to inhibit insulin resistance in HepG2 cells via P62/NF-κB/GLUT-4 membranes, which engulf cytoplasmic content for subsequent degradation (12) . Hyperglycemia stimulates the p62/protein kinase Cζ interaction, which mediates the activation of NF-κB, increases the expression of NADPH oxidase 4, and activates inflammatory cytokines in the vascular smooth muscle (13) .
At present, there are no effective treatments specific for IR. Geniposide is an iridoid compound isolated from Gardenia jasminoides Elli, which has been previously reported to significantly promote glucose uptake (14) . In the present study, a HepG2 cell model of IR was constructed to determine whether geniposide can promote autophagy to inhibit IR in HepG2 cells via the P62/NF-κB/GLUT-4 pathway.
Materials and methods
Reagents. RPMI-1640 medium and foetal bovine serum (FBS) were from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Geniposide was from Xi'an Hao-xuan Bio-tech Co., Ltd. (Xi'an, China). Tetrazolium (MTT), recombinant human insulin and trypsin were from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). Rabbit anti-human NF-κB (P65), phosphorylated (p-)NF-κB (p-P65), GLUT-4, LC3, P62 and β-actin were from Cell Signalling Technology, Inc. (Danvers, MA, USA). Rapamycin and 3-methyladenine (3-MA) were purchased from Selleck Chemicals (Houston, TX, USA). The streptavidin-peroxidase immunostaining kit was from Zymed; Thermo Fisher Scientific, Inc. Diaminobenzidine was from Beijing Dingguo Changsheng Biotechnology Co., Ltd. (Beijing, China) and the glucose detection kit was from Shanghai Rongsheng Biotechnology Co., Ltd. (Shanghai, China).
Cell culture. The HepG2 cells were obtained from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). The cells were cultured in RPMI-1640 medium containing 10% FBS at 37˚C in 5% CO 2 . The medium was replaced every 2 days and passaged every 3-4 days following trypsinisation.
IR cell model construction. The IR cell model was constructed as previously described (15) . Briefly, log-phase HepG2 cells were harvested following trypsinisation. The cells (5x10 4 /ml) were seeded into 96-well plates and cultured for 4 h. Following attachment of the cells to the bottom of the plate, the medium was replaced with RPMI-1640 medium supplemented with 1% FBS and containing 0, 50, 100, 200 or 500 nmol/l insulin. The control cells were treated with RPMI-1640 medium supplemented with 1% FBS. The cells were cultured at 37˚C in 5% CO 2 for 12, 24 and 36 h. The glucose levels in the supernatants were detected using a glucose detection kit according to the manufacturer's protocol, and were used as an index for determining IR. In the rapamycin group, the cells were treated with 40 nmol/l rapamycin for 2 h, followed by IR model establishment, and (7) in the 3-MA group, the cells were treated with 60 µM 3-MA for 2 h, followed by IR model establishment.
MTT assay. The present study evaluated cell survival using an MTT assay. The cells (~5,000 cells/well) were plated in a 96-well plate and incubated overnight in 100 µl culture medium. The cells were then treated with 15.63-125 mg/l geniposide. Following treatment for 20 h at 37˚C, 20 µl MTT (5 mg/ml) was added to each well. Following incubation for 4 h at 37˚C in 5% CO 2 , the MTT was removed, replaced with 200 µl dimethyl sulfoxide, and incubated for 20 min at 37˚C until the crystals had dissolved. The optical density (OD) of each well was measured using an ELx800 microculture plate reader (BioTek Instruments, Winooski, VT, USA) with a test wavelength of 490 nm. The cell survival rate (SR) was determined as follows: SR = [(OD drug well -OD treated cell well)/(OD control well -OD cell well)] x 100%. Each experiment was repeated at least five times.
Fluorescence microscopy for detection of autophagy. The cells (~10,000 cells/well) were cultured in 6-well plates to 60-70% confluence. Lipofectamine 3000 ® was mixed with Opti-minimum essential media containing 2 µg/l green fluorescent protein (GFP)-LC3 plasmid (Hanbio Biotechnology Co., Ltd., Shanghai, China) according to the manufacturer's protocol. The medium was then replaced with RPMI-1640 containing 10% FBS for 12 h, following which the cells were treated as described above. The cells then were washed with PBS and mounted using Vectashield containing 1 µg/ml DAPI (Vector Laboratories, Inc., Burlingame, CA, USA). Images of the cells were captured using a fluorescence microscope.
Transmission electron microscopy (TEM).
The cell samples were placed in 1% glutaraldehyde and post-fixed with 2% osmium tetroxide. The cells were centrifuged at 1,000 x g for 15 min at 4˚C and then the cell pellets were embedded in epon resin. The data were quantified by counting the number of autophagosomes per cross-sectioned cell by transmission electron microscopy.
Immunostaining. The log-phase HepG2 cells were harvested and 5x10 4 /ml cells were seeded on glass coverslips in 24-well plates. When the cells had attached to the coverslips, the medium was replaced with RPMI-1640 medium supplemented with 1% FBS containing 100 nmol/l insulin. The cells were divided into three groups comprising a control group of untreated HepG2 cells, an untreated group of IR cells without geniposide treatment, and a treated group of IR cells treated with 62.5 mg/l geniposide. All groups were cultured for 4, 8, 12 and 24 h prior to fixing of the cells 4% paraformaldehyde for 30 min at room temperature. Immunostaining was performed using GLUT-4, P62 and p-P65 detection kits according to the manufacturer's protocol. Staining was visualised in five visual fields and the differences in staining intensity were measured using ImageJ software v6.0 (National Institutes of Health, Bethesda, MD, USA).
Semi-quantitative polymerase chain reaction (sqPCR)
analysis. The mRNA expression levels of NF-κB and GLUT-4 in the cells were detected using sqPCR analysis. The RNA was isolated using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) Briefly, cDNA was synthesized from 1 µg RNA in the presence of a ribonuclease inhibitor (Sigma-Aldrich; Merck KGaA), dNTPs, Oligo(dT) 18 primers, and RevertAid™ M-MuLV reverse transcriptase (Fermentas; Thermo Fisher Scientific, Inc.) in a total volume of 25 µl. The primers used were as follows: NF-κB, sense 5'-TAG CCC AGC ATC GCC TCT-3' and antisense 5'-TTT GAC ACG GCA GTC CTC CAT GGG A-3' (target product of 641 bp); GLUT-4, sense 5'-CCC CGC TAC CTC TAC ATC ATC CA-3' and antisense 5'-CCA CCA ACA ACA CCG AGA CCA A-3' (355 bp); internal control β-actin, sense 5'-TGG CAT CCA CGA AAC TAC-3' and antisense 5'-GCA TCC TGT CGG CAA T-3' (125 bp).
sqPCR was performed using a Takara mRNA Selective PCR kit (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's instructions, with a total reaction volume of 25 µl, under the following thermocycling conditions: Initial denaturation at 94˚C for 10 min, denaturation at 94˚C for 1 min, annealing for 1.5 min (NF-κB and GLUT-4 at 65˚C, β-actin at 51˚C), and extension at 72˚C for 2 min for 35 cycles, followed by a final extension at 72˚C for 10 min. The PCR products were separated by 1.5% agarose gel electrophoresis and ethidium bromide staining was used for visualization. The target bands were analysed densitometrically using a GS-800 calibrated densitometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and with Gel-Pro Analyser 4.0 software (Media Cybernetics, Inc., Rockville, MD, USA). The results were calculated as the ratio of the OD value relative to that of β-actin.
Western blot analysis. The cells were lysed in radioimmunoprecipitation assay buffer containing phosphatase inhibitor cocktail I (Sigma-Aldrich; Merck KGaA) and a protease inhibitor cocktail mini-tablet (Roche Diagnostics GmbH, Mannheim, Germany), followed by centrifugation at 8,000 x g at 4˚C for 15 min. Protein concentration was determined by performing a bicinchoninic acid assay. An equal quantity of protein (50 µg) from each sample was separated on a 10, 12 or 15% SDS-polyacrylamide gel and then transferred onto nitrocellulose membranes. The membranes were probed with antibodies against P65 (rabbit IgG; cat. no. 4767; 1:1,000), p-P65 (rabbit IgG; cat. no. 8214; 1:1,000), GLUT-4 (rabbit IgG; cat. no. 2213; 1:1,000), LC3 (rabbit IgG; cat. no. 12513; 1:1,000), P62 (rabbit IgG; cat. no. 5114; 1:1,000) and β-actin (rabbit IgG, cat. no. 4970, 1:1,000; all Cell Signaling Technology, Inc.) at 4˚C overnight. Following washing with PBS, a horseradish peroxidase-conjugated secondary antibody (anti-rabbit IgG; cat. no. 14708S; 1:2,000; Cell Signaling Technology, Inc.) was added to the membranes for 2 h at room temperature. The bound antibody was visualized using an enhanced chemiluminescence system (EMD Millipore, Billerica, MA, USA).
Statistical analysis. Statistical analysis was performed using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). All values are presented as the mean ± standard deviation. Data were analyzed by one-way analysis of variance followed by Tukey's post hoc test (equal variances) or Dunnett's T3 post hoc test (unequal variances). P<0.05 was considered to indicate a statistically significant difference.
Results
Geniposide decreases supernatant glucose levels. As shown in Table I , the glucose levels in the supernatant of all groups treated with 100 nmol/l recombinant human insulin were significantly higher, compared with those in the blank groups at the indicated time points (P<0.01). However, when the IR HepG2 cells were treated with 62.5 mg/l geniposide, the glucose levels in the supernatant decreased in a time-dependent manner (P<0.01). These results indicated that geniposide was able to ameliorate IR in HepG2 cells following insulin treatment, improve the utilization of insulin, and decrease the glucose levels in the supernatant.
Geniposide has no significant effect on IR cell survival. As shown in Table II , treatment with 15.63-125 µg/ml geniposide had no significant effect on the proliferation of the IR cells (P>0.05), compared with cells in the blank groups. Therefore, 62.50 µg/ml was selected as an effective concentration of geniposide in the present study.
Effect of geniposide on the mRNA expression of GLUT-4.
As shown in Fig. 1A , in the IR cells, the mRNA expression of GLUT-4 peaked at 4 h (P<0.01) and began to decline at 8 h, but remained higher than that at 0 h (P<0.05). The mRNA expression of GLUT-4 decreased at 12 h to below the level at 0 h, reaching a nadir at 24 h (P<0.05). In the geniposide-treated cells, the mRNA expression of GLUT-4 peaked at 4 h (P<0.01), although the increase was less than that observed in the control group. Subsequently, the mRNA expression of GLUT-4 began to decline at 8 and 12 h, but remained higher than that at 0 h (P<0.01), reaching a nadir at 24 h. The mRNA expression of GLUT-4 was higher, compared with that in the control group (P<0.05).
Effect of geniposide on the expression of NF-κB and GLUT-4.
GLUT-4 is present on the cell membrane and in the cytoplasm; Table I . Glucose content in culture supernatant at different insulin concentrations and treatment times. positive staining signals are brown in colour. In the control group, the protein expression levels of GLUT-4 were highest at 4 and 8 h, and staining intensity was higher, compared with that at 0 h (P<0.05; Fig. 1B ). The staining intensity began to decline at 12 h, with levels below that at 0 h and reaching a nadir at 24 h. Following geniposide treatment, the expression levels of GLUT-4 peaked at 4 h, although the increase was less than that observed in the control group. The expression levels began to decline at 8 and 12 h, but remained higher than the level at 0 h. The expression of GLUT-4 reached a nadir at 24 h and was lower than that in the control group at the same time point (Fig. 1B and C) .
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Geniposide promotes autophagy in IR HepG2 cells. As shown in Fig. 2A , compared with the control group, the protein expression levels of LC3II were downregulated in the IR HepG2 cells. There was also a significant increase in the expression of LC3II in the geniposide-treated HepG2 cells, compared with the cells in the IR group (P<0.01). By contrast, the expression levels of P62 were increased in the IR HepG2 cells, whereas geniposide decreased the expression of P62 in the IR cells.
The appearance of GFP-LC3 within the cytoplasm reflects the recruitment of LC3 protein to autophagosomes. As shown in Fig. 2B , IR significantly decreased the number of GFP-LC3 dots, compared with those in the control group (P<0.001). There was also a significant increase in the number of GFP-LC3 dots in the geniposide-treated HepG2 cells, compared with the number in the IR group (P<0.01). In addition, autophagosomes, containing partially degraded cytoplasmic material, were observed using TEM (Fig. 2C) . The number of autophagosomes within the IR group was significantly decreased, compared with that in the control group (P<0.001), however, geniposide decreased the number of autophagosomes (P<0.01).
Effect of geniposide on the expression of P62 and p-P65.
P62 is present in the cytoplasm; positive staining signals are green. In the control group, marked positive staining of P62 was apparent in the IR cells, with a higher intensity, compared with that in control (P<0.05). Following geniposide treatment, the P62 staining intensity decreased, compared with that in the control group (Fig. 3A) .
As shown in Fig. 3B , p-P65 was present in the nucleus and cytoplasm. p-P65 is translocated from the cytoplasm into the nucleus upon cell activation, increasing its presence in the nucleus; positive staining signals are brown in colour. Compared with the control group, the relative gray value of positive cytoplasmic p-P65 staining was the highest, and there was an increase in positive nuclear staining in the IR cells (P<0.05). Following geniposide treatment, the relative gray value of p-P65 positive staining decreased, compared with that in IR group.
Activating autophagy can inhibit IR in HepG2 cells via P62/NF-κB/GLUT-4.
To assess whether activating autophagy can inhibit IR in the cell model, the effects of activating or inhibiting autophagy were examined using rapamycin and 3-MA. As shown in Fig. 4A , compared with the IR group, the protein expression levels of LC3II and GLUT-4 were upregulated in the rapamycin treated HepG2 cells, whereas the protein expression levels of P62 were decreased. However, 3-MA decreased the expression levels of LC3II and GLUT-4, and increased the expression of P62 in the IR HepG2 cells, whereas the protein expression levels of P62 decreased. Rapamycin also promoted the mRNA expression of GLUT-4 (P<0.01; Fig. 4B ). These histopathological changes were accompanied by increased and decreased glucose content in the culture supernatant. As shown in Fig. 4C , rapamycin decreased glucose content, whereas 3-MA increased glucose content in the culture supernatant, respectively (P<0.001, rapamycin vs. IR; P<0.01, 3-MA vs. IR).
Discussion
IR is a condition, which can lead to type 2 diabetes (1), however, no specific treatment has been identified. The present study investigated the effect of geniposide, an iridoid compound derived from the fruit of G. jasminoides Ellis, which can be hepatotoxic, in a HepG2 cell model of IR. Geniposide significantly improved IR, which may have been associated with its dynamic regulation of the expression of NF-κB and GLUT-4. The peroxisome proliferator-activated receptor-γ (PPARγ) receptor is an important element responsible for regulating blood sugar by mediating the effects of insulin on glucose uptake (16) . The downregulation of PPARγ contributes to IR (17) . Using PPARγ to investigate the inducible expression of signalling pathway reporter genes, the hypoglycaemic effect of geniposide in vivo and in vitro has been suggested to be associated with PPARγ receptor activation (18) . However, Sriwijitkamol et al (19) reported that the NF-κB pathway was overactivated in the muscular tissue of subjects with type 2 diabetes. In animal studies, inhibition of NF-κB β/NF-κB pathway inhibition significantly improved insulin sensitivity (20) . In the present study, the expression of NF-κB was downregulated following geniposide treatment. It has been reported that NF-κB downregulates the expression of GLUT-4 (21) and that genipin, a geniposide metabolite, inhibits NF-κB (22) . Therefore, it is possible that geniposide treatment reversed the inhibitory effect of NF-κB on the expression of GLUT-4. Noguchi et al (23) reported that IR is caused partly by the downregulation of GLUT-4, although it is also associated with impaired GLUT-4 translocation to the plasma membrane under insulin stimulation. The results of the present study suggested that geniposide improved the expression of GLUT-4, an important downstream insulin receptor site.
A product of the G. jasminoides Ellis fruit, geniposide, has been reported to cause hepatotoxicity in rats (24) . However, in the present study, geniposide did not affect HepG2 cell viability, indicating that the concentration used (62.50 µg/ml) may be safe for use in animals and subsequently in humans. Liu et al (25) also reported that geniposide had a protective effect on insulin secretion in rat INS-1 cells, which indicated that it may also have a protective effect against IR in humans.
In the present study, the expression levels of GLUT-4 decreased over time following a peak at 4 h. At its lowest point, 24 h following geniposide treatment, the mRNA expression of GLUT-4 remained higher than that in the control at the same time point. Of note, the peak protein expression of GLUT-4 did not exceed that of the control at the same time point, whereas the nadir of the protein expression of GLUT-4 was lower, compared with that of the control. Similarly, Leguisamo et al (17) reported lower protein levels of GLUT-4 in induced IR in spontaneously hypertensive neonate rats, although the mRNA levels of GLUT-4 were not investigated.
Autophagy is a highly conserved intracellular lysosomal catabolic process, which degrades aged, damaged or dysfunctional proteins, intracellular organelles and cytoplasmic components to maintain cellular homeostasis (26) . The basal level of autophagy has a unique housekeeping role in the regulation of cardiac geometry and function (27) . Impaired autophagy may contribute to various end organ complications in IR and diabetes, including cardiomyopathy and nephropathy (28) .
In the present study, it was shown that the protein expression levels of LC3II were downregulated in IR HepG2 cells. IR decreased autophagic activity, as evidenced by the decrease in the expression of LC3 and the accumulation of P62 protein. These results suggested that the level of autophagy can be altered by the duration of exposure to high insulin, which also indicates the putative role of autophagy under IR conditions. There was also a significant increase in the expression of LC3II in the geniposide-treated HepG2 cells, compared with that in the IR group. By contrast, the expression levels of P62 increased in the IR HepG2 cells, whereas geniposide decreased the expression of P62 in the IR cells. Geniposide promoted autophagy in the IR HepG2 cells, and activating autophagy inhibited IR in HepG2 cells via P62/NF-κB/GLUT-4 (Fig. 5) .
Taken together, the findings of the present study indicated that geniposide may be a viable method for treating IR, a condition, which can escalate to type 2 diabetes but for which no specific treatment has been identified. This requires further attention, and future investigations are required with a focus on characterising geniposide.
